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Abstract

The distribution and annealing behavior of the vacancy-type defects and displaced Si atoms in crystal Si caused by 7 X 10" cm ™2, 140 keV
He™ implantation have been studied by variable-energy positron annihilation technology, cross-sectional transmission electron microscopy
and Rutherford backscattering and channel spectroscopy. It was found that in the as-implanted sample, a region 400 nm wide around the
projected range was heavily damaged by the implantation and dense microbubbles with diameters of 1.5-6 nm were formed in this region,
while the near surface region was slightly damaged and small vacancy clusters less than 1 nm in diameter and some microbubbles scattered in
this region. The defects in the heavily damaged region were stable at temperature below 400°C and began to recrystallize from the crystalline
Si in the near surface layer by solid phase epitaxy at temperatures higher than 600°C. High temperature (1100°C) was needed to anneal out
most of the defects in this heavily damaged layer. The small vacancy clusters in the near surface region become removable at 300°C and
could be removed at 700°C by dissociation and diffusing both to the surface and to the heavily damaged region. The diameter of the
microbubbles in the original heavily damaged region increased with the increasing of annealing temperature and their density decreased with
the increasing of annealing temperature at temperatures above 700°C. The annealing behavior of the vacancy clusters induced by He™

implantation is discussed by thermodynamical process. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

High dose of He " implanted into silicon will produce a
bubble layer near the ion projected range [1]. During the
post annealing treatment, He in these bubbles will release
out, leaving empty voids in the bulk of the samples. These
voids have been demonstrated to be strong gettering sites for
transitional metal impurities [2-5]. A recent study of Rain-
eri and Campisano shows that these voids even can act as
traps for interstitial during high temperature annealing [6].
The gettering effect of voids to transitional metals and to
interstitial has potential applying for very large scale inte-
grated (VLSI) devices and thus has stimulated further
studies in this field. The morphology of voids has been
studied by cross-sectional transmission electron microscopy
(XTEM) [2-5]. However, small vacancy clusters less than 1
nm in diameter cannot be observed by XTEM. Among the
different techniques used to study the structural disorder
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caused by ion implantation, variable-energy positron anni-
hilation spectroscopy (VEPAS) and Rutherford backscatter-
ing spectroscopy in the channeling geometry (RBS/C) are
very powerful techniques. The former is very sensitive to
vacancy defects, and the latter provides information on atom
displacement.

VEPAS has been successfully used recently as a sensitive
method for depth profiles of near-surface defect induced by
ion implantation [7-10]. This technique is based on the fact
that positrons, when implanted at a given energy, thermalize
and diffuse inside the medium, and finally annihilate with
electrons, producing two 7y photons with energy of 511 keV.
Doppler-broadened profile of these y photons can provide
information about the existence of vacancy-type defects. A
slow positron beam consists of variable energetic positrons
of which the energy can be varied by adjusting the accel-
erating voltage. Variable-energy positrons could be
implanted into the films at different depths. By detecting
the annihilation photons, one can obtain the depth distribu-
tion of vacancy type defects. Comparing with other techni-
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surface

(a)

Fig. 1. XTEM image of the 7 X 10" cm 2 He* implanted sample. (a) As-implanted, the heavily damaged layer situates at 550-940 nm from the surface, (b) as-
implanted image at higher magnification, microbubbles can be clearly observed and (c) annealed at 700°C for 30 min, larger voids have formed.
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Fig. 2. The RBS/C spectra of the samples implanted with 7 X 10%cm™2

He" at 140 keV and annealed at different temperatures. The channeling
spectrum of a virgin Si is also shown for comparison. The insert gives the
magnified RBS/C spectra of the He * as-implanted sample and the virgin Si.

ques, VEPAS is an unique non-destructive method with an
high defect sensitivity at low damage level. In this paper,
XTEM, RBS/C and VEPAS have been combined to inves-
tigate the He-implantation-induced defects distribution in
He-implanted c-Si as well as their evolution with annealing
temperature.

2. Experimental

p-Type (100) CZ Si with a resistivity of 20-35 Q)-cm was
implanted with He® ions at room temperature with an
energy of 140 keV and dose equal to 7 X 10" em ™2 During
the implantation, a deliberate beam misalignment from the
wafer normal equal to 7° was used. The twist angle was 0°.
Then the sample was annealed in the temperature range of
100-1100°C for 30 min in the ambient of N, gas.

The samples before and after annealing were investigated
by XTEM, VEPAS and 2-MeV He " RBS/C. The scattering
angle during the RBS/C was 160°. The cross-section speci-
mens were studied by 200-kV CM-20 and 400-kV JEM-
400EX microscopes. VEPAS measurements were carried
out in an ultrahigh vacuum chamber (4 X 1077 Torr) using
a positron variable-energy beam system from a **Na source.
In each measurement 10° counts were accumulated. The
positron energy could be varied from 0.5 to 16 keV by
adjusting the voltage applied to the target. An energy-sensi-
tive y-ray germanium detector was used to determine the
Doppler-broadened annihilation spectra caused by the
momentum of the annihilating positron-electron pairs. The
shape of the spectra were characterized by a line-shape

parameter S, which is defined as the area of a fixed central
region of the 511 keV line divided by the total area of the
peak. We took an energy shift a = 1 keV at both sides of the
peak energy of 511 keV.

3. Results and discussion

Fig. 1 exhibits the XTEM images of the 7 x 10'® ¢cm ™
He " implanted samples before and after annealing. Fig. 1a
shows the microstructure of the as-implanted sample, in
which a severely damaged region has been generated at a
depth between 550 and 940 nm from the surface. The
projected range of 140 keV He™ implants calculated by
TRIM 94 program is 850 nm. The near surface region is
slightly damaged. The heavily damaged region mainly
consists of microbubbles of high density. These bubbles
can be seen more clearly at higher magnification of thinner
specimen in the out-off-focus condition, as shown in Fig. 1b.
The diameters of the bubbles are in the range of about 1.5 to
6 nm. Towards the surface a decreasing density of small
microbubbles was observed and such microbubbles can be
occasionally observed at a depth of 250 nm from the
surface. After annealing at 700°C for 30 min an increase
of the bubble (or void) diameters (now about 4-11 nm) and
a decrease of their density were observed in the original
severely damaged region as shown in Fig. 1c which is at
the same magnification as that in Fig. 1b. The voids present
in the surface region of the 700°C annealed sample shrank in
size (2 nm in diameter), while the void population
decreased. Since the implanted He effuses out from the
bubbles at temperature higher than 700°C [1,4,11], the
‘bubbles’ observed in Fig. lc are empty voids. After the
700°C annealing the large bubbles in the heavily damaged
region are confined in a narrower band 300 nm wide.

The RBS/C spectra of the He ™ implanted samples before
and after thermal treatment are given in Fig. 2. The chan-
neling spectrum of a virgin Si was also shown for compar-
ison. The channeling spectrum of the as-implanted sample
in Fig. 2 clearly indicates the presence of a severely
damaged region below a surface region still crystalline.
Therefore, most of the microbubbles observed in Fig. 1a,b
are situated in a heavily damaged region. When the
implanted samples were annealed in the temperature inter-
val from 100 to 400°C, no obvious change has been detected
in the buried damaged region by RBS/C, indicating that
such a damage is stable in this temperature range. Increasing
the annealing temperature to 600°C, the dechanneling yield
from the damaged layer decreases, suggesting that the
damaged layer begins to recover. Annealed at higher
temperature (800-1000°C), the dechanneling yield from
the damaged layer continues to decrease, accompanied by
the inwards movement of the front edge of the damaged
layer. This phenomenon strongly suggests that the damage
recovers at higher temperatures, in the meanwhile it regrows
epitaxially from the undamaged surface layer. After the
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Fig. 3. The S parameter as a function of the positron energy for the 7 X 106
cm % He *as-implanted Si and the virgin Si, which is displayed for compar-
ison. The upper horizontal axis gives the mean implantation depth of the
positrons.

1100°C annealing, most of the initial He" implantation
induced damage has been annealed out, leaving the cavities
embedded in good crystalline Si. The insert in Fig. 2 gives
the magnified RBS/C spectra for the as-implanted sample
and the virgin Si. The dechanneling yield in the near surface
of the as-implanted sample exhibits a tendency to increase,
suggesting that the near surface has been slightly damaged
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Fig. 4. The S—E results of the sample implanted with 7 X 10' cm 2
He"and annealed at various temperatures. The upper horizontal axis
gives the mean implantation depth of the positrons.

by the high-dose of He ™ implantation. This result is in good
agreement with the XTEM observations.

Fig. 3 shows the positron annihilation line shape para-
meter S as a function of the positron energy (E) for the
virgin Si and the He " ions as-implanted sample. In Fig. 3
the error bars for the He™ as-implanted sample are given.
The unimplanted sample exhibits the usual behavior of a
defect free crystalline silicon. The S parameter values of
the virgin Si increase slowly in the surface region and
reach a bulk value of 0.528 at a depth of 350-430 nm and
then keep the constant value Sy, while the S parameter
values of the He ™ as-implanted specimen increase rapidly
to 0.53 at a depth of 50 nm from the surface and reach the
highest value of 0.541 at D = 720 nm.

The differences in these two sets of data are ascribed to
positrons annihilating in different traps. Generally, the posi-
trons implanted in the sample have three paths to be anni-
hilated: (i) annihilated in the vacancy-free bulk, the Sy is a
characteristic parameter for the material; (ii) trapped by
vacancy-type defects, giving a higher S,,. value than Sy,
and (iii) diffused to the sample surface, giving a lower St
than Sbulk (Ssurf < Sbulk < Svac) [12]

S(E) :f@urszurf +fvacsvac +fbu1kaulk (1)

and fsurf +fvac +fbulk =1, where fsurf’ fvac and fbulk are the
fraction of positrons annihilating at the surface, in the
vacancy-type defects and in the bulk, respectively. For the
unimplanted sample, the measured S parameter increases
slowly with positron energy until the bulk value is reached.
This is a consequence of the fact that with increasing
energy, the positrons are implanted deeper and deeper inside
the sample, fewer and fewer positrons will diffuse to and
annihilate at the surface. Almost all of the positrons
implanted with energy higher than 8 keV annihilate in the
bulk freely, giving a constant value of Sy, In the ion
implanted samples, vacancies have been generated. Because
the S value of positrons annihilate at vacancy-type defects is
larger than Sy, the presence of vacancies will result in
higher S value than that in the virgin sample. Therefore
the abrupt increase of the S value in the He ™ as-implanted
at 50 nm should be attributed to the presence of a high
density of vacancy-type defects. Since no microbubbles
can be observed at this depth by XTEM, we infer that the
vacancy-type defects in this region are small vacancy clus-
ters with diameters less than 1 nm. This result demonstrates
that VEPAS is very sensitive to small vacancy-type defects
which cannot be observed by XTEM.

The S—E curves of the samples annealed in temperature
from 300 to 900°C are reported in Fig. 4. The result of the
as-implanted specimen is also shown for comparison. The
S—FE curves can be divided into two regions according to
their different annealing behavior: the near surface region
(0 < D <550 nm) and the deep damaged region (550
nm < D < 1000 nm). In the 300°C annealed sample, an
abrupt decrease of the S parameter at 50~150 nm was
observed. This phenomenon indicates that some of the
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Fig. 5. Variation of S parameters at £ = 5 keV (200 nm) for the sample
implanted with 7 X 10'® ¢m ™2 He "and annealed at various temperatures.
The S parameter of the virgin Si at the same depth was given in dash for
reference.

vacancy-type defects in this region have been removed.
Among the vacancy-type defects induced by ions implanta-
tion in Si, divacancies are known to be the dominant defects
and become mobile at 200-300°C [13]. Therefore, we
propose that the species of the vacancy-type defects in
this region are divacancy. Increasing the annealing tempera-
ture, the S parameters at deeper location began to decrease.
Annealed at 700°C, the S parameter at D = 350 nm was
lower than that of the as-implanted sample, suggesting
that some of the vacancies at this depth began to be annealed
out. After the 900°C annealing, all of the S parameters at
D < 550 nm have been greatly decreased and the high S
values exist in a narrower region. The S parameters at D =
200 nm as a function of annealing temperature were given in
Fig. 5. The S parameter of the virgin Si at the same depth
was given for reference. It can be seen that the S parameter
at D = 200 nm decreases with the increasing of the anneal-
ing temperature.

Based on the annealing behavior of defects in the surface
region, we argue that different kind of vacancy-type defects
have generated along the path of the implants. The deeper,
the vacancy cluster (V,) is bigger, and higher temperature is
needed to remove these clusters. The main vacancy defects
in D = 50-150 nm are divacancy (V,), while the vacancy-
type defects around the projected range are microbubbles
with diameters higher than 1.5 nm. Upon annealing the
small vacancy clusters probably dissolve and the associated
vacancies diffuse to the bubbles, contributing to the growth
of the microbubbles (voids).

The S—E curves in the heavily damaged region appear
rather complex. Density microbubbles have been formed
in the heavily damaged layer of the He® as-implanted
sample (Fig. 1). Therefore, it is expected that high S para-
meters should be obtained in this bubble layer. Surprisingly,
we found that the parameter in this region only exhibited a

small peak at D = 720 nm. The reason for this phenomenon
is not clear but may be related to the presence of He in the
bubbles. Similar phenomenon has been observed by Smith
et al. [14] and Brusa et al. [15] in the H*-implanted silicon.
They found that no positron trapping was detected in the
damaged region containing dislocation loops, platelets
cavities and small bubbles. However, we found that at
temperatures higher than 700°C, the S parameters in the
cavity layer have obviously increased. This may be related
to the out-diffuse of He from the bubbles and to the coales-
cence of the voids.

Combing the results of XTEM, RBS/C and VEPAS, we
propose the following mechanism to interpret the annealing
behavior of the high-dose He * implantation induced defects
in Si. In the as-implanted samples, most of the defects
(vacancies and interstitial) are concentrated near the
projected range, the density of defects in the near surface
region is low. The study of Raineri et al. has demonstrated
that bubbles can only form in the region where the local
concentration of He implants exceeds 3.5 X 10 ¢cm ™3 [2].
Therefore, in the He™ as-implanted sample bubbles are
mainly formed near the projected range, and small vacancy
clusters which cannot be observed by XTEM are the domi-
nant defects in the near surface region. The annealing beha-
vior of the vacancy-type defects can be explained by
thermodynamical consideration. During annealing, both
the dissociation of the small vacancy clusters and the coales-
cence of the bubbles take place. In order to minimize the
total surface energy of the vacancy clusters, small clusters
dissolve and large clusters grow from the dissolved vacan-
cies. At a given temperature, there exists a critical radius, r,
for the vacancy cluster. Below this r,, the vacancy clusters
will dissociate, above this r, the cluster is stable.

. 20 TE
AH, Ty — T

re = 2
where T is the temperature, T is the temperature of equili-
brium between the two phase of vacancies (vacancy in
‘precipitates’ (voids) and in silicon solution), AH, is the
volume enthalpy of formation of the vacancy clusters, and
o is the surface energy of the clusters. r. increases with
temperature. Small clusters dissociate at low temperature,
and the dissolving of larger clusters needs higher annealing
temperature. This mechanism can interpret the fact that
divacancies dissolve at relatively low temperature of 200—
300°C and that the migration and coalescence of voids
observed by XTEM only occur at temperature higher than
700°C [1].

4. Conclusion

In this study, the defects distribution and annealing beha-
vior in the He “-implanted crystal Si have been studied by
XTEM, RBS/C and VEPAS and we have reached the
following conclusions. (i) In the as-implanted Si, a heavily
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damaged region in which microbubbles embedded has
formed around the projected range, and small vacancy clus-
ters have generated in the slightly damaged near surface. (ii)
Annealed at a temperature interval of 100-900°C, the small
vacancy clusters with diameters less than 1 nm in the
surface region dissolve and diffuse to the originally heavily
damaged region and the voids dispersed in the surface
region were observed shrinking in size, while the bubbles
(voids) of high density around the projected range coarsen
with the increasing of annealing temperature, and (iii) the
heavily damaged region is stable at temperature below
400°C and recrystallizes by solid phase epitaxy from the
surface crystalline silicon at temperatures higher than
600°C. This severely damaged region recovered at 1100°C.
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